Current clinical and translational studies have shown that mast cell plays a pivotal role in multiple fibrotic diseases including scleroderma. However, the lack of mature human mast cell culture model exhibits a major obstacle for further dissection of cytokines and signaling molecules required for mast cell mediated fibrosis in various diseases. Macrophage Migration Inhibitory Factor is a mast cell released pro-inflammatory cytokine which is deregulated in scleroderma patients and is also involved in non-scleroderma related fibrosis. In the current study, we successfully generated a practical and reliable human mast cell culture system with bone marrow CD34+ hematopietic precursors. The derivative mast cell is normal in terms of both morphology and function as manifested by normal degranulation. More importantly, we were able to show mast cell conditioned medium as well as MIF supplementation augments fibroblast proliferation and collagen synthesis. This positive regulatory effect of mast cell conditioned medium can be dampened by MIF antibody. In addition, MIF-knockdown significantly inhibits pro-fibrotic activities of CD34+ hematopietic precursor derived mast cells. These data strongly suggest that mast cell released MIF is required for mast cell mediated fibrogenic activities. The current manuscript seems to be the first mechanistic report showing the significance of MIF in mast cell mediated fibrosis, which may pave the way for the development of potential MIF-targeted therapy for fibrotic diseases to a further extent. Moreover, we strongly believe mast cell culture and differentiation model as well as corresponding genetic manipulation methodology will be helpful in characterizing novel mast cell based therapeutic targets.
Introduction
Mast cells (MCs) were first described by von Recklinghausen in 1863 [1] . Derived from bone marrow progenitors, MCs can be found at locations in proximity to environment-host interface for their participation in innate immunity. Traditionally, MCs are most well known for their role in IgE-mediated immune responses. Another important feature of MCs is their capability of secreting various mediators, such as histamine, chymase and TGF-β [2] . Although these fascinating cells have attracted remarkable research interest, many aspects of mast cell biology including their origin, development and functions still need further elucidation [3] .
Numerous lines of evidence have demonstrated the involvement of mast cells in fibrogenic conditions such as pulmonary fibrosis, liver cirrhosis and renal interstitial fibrosis [4] [5] [6] . More importantly, recent studies have revealed that mast cells have multiple functions in pathogenesis and development of scleroderma (systemic sclerosis). As a chronic systematic and heterogeneous autoimmune disease, scleroderma is featured by vascular alterations, autoimmunity and fibrosis. Especially, a distinguishing hallmark of scleroderma is progressive fibrotic replacement in multiple organs with unknown etiology. Alterations of mast cells, including changes in their numbers and functions, have been observed at sites of fibrosis in scleroderma [7] [8] [9] [10] [11] . In the study using the tight-skin mouse model of scleroderma, a remarkable increase of mast cell number during fibrosis in the skin lesions was observed [12] . It has been shown that the mast cell-released cytokines contribute to various fibrogenic effects [13, 14] . Using human mast cell line HMC-1, Garbuzenko et al showed that human mast cells stimulate fibroblast proliferation, collagen synthesis and lattice contraction [15] . More specifically, several studies have showed that mast cell-derived cytokines, including chymase and TGF-β which have pro-fibrotic activities [16, 17] , are up-regulated in the affected skin of scleroderma [12, 18, 19] . Along this line, inhibition of mast cell-derived cytokines has showed therapeutic benefits to scleroderma in mouse models [11, 20] .
Among cytokines secreted by mast cells, we are particularly interested in macrophage migration inhibitory factor (MIF). Huaxian et al. first discovered that MIF was constitutively expressed at high levels in human mast cells [21] . In 2003, Selvi et al. reported that the serum concentrations of MIF in patients with diffuse form of systemic sclerosis were significantly higher than those in controls and MIF expression was detected in skin biopsies of scleroderma patients by immunohistochemical staining [22] . Several independent studies have reported that a functional MIF promoter polymorphism (-173G/C) which often results in high production of MIF was strongly associated with diffuse cutaneous systemic sclerosis [23, 24] . In addition, Becker et al. revealed that MIF may contribute to vasculopathy in systemic sclerosis [25] . On the other hand, MIF was reported to facilitate fibrosis process which represents the substantial pathological changes in scleroderma [26] [27] [28] [29] . Based on these existing data, we hypothesized that MIF produced by mast cells may promote fibrosis process in pathogenesis of scleroderma.
To further understand the mechanism of scleroderma, it's important to investigate the functions of MCs in fibrosis. Although significant progresses have been made during the past several decades, major limitations exist in the studies of MCs: first of all, there are significant differences between human and mouse mast cells; secondly, using HMC-1 cells (a cancer cell line) to represent human mast cells may not be always appropriate; finally, although normal human mast cells can be isolated from several sources, it is difficult to perform genetic manipulation on these cells.
Inspired by the innovative studies done by Kovarovam M. et al. [30, 31] , we sought to derive MCs from human CD34+ hematopoietic precursors. Our purpose is to provide a large number of normal mast cells for further study in human context and to establish an appropriate genetic manipulation methodology for MCs. More importantly, we examined the effects of MIF, an important cytokine produced and released by MCs, on fibroblast proliferation and collagen production.
Materials and Methods Materials
Dulbecco's Modified Eagle's Medium (DMEM), Iscove's modified Dulbecco's medium (IMDM), fetal bovine serum (FBS) and penicillin-streptomycin solution were purchased from Life Technologies (Gibco). L-glutamine, ascorbic acid, 1-thioglycerol, HEPES buffer, nonessential amino acids and sodium pyruvate were purchased from Sigma. Human stem cell factor (SCF), interleukin 6 (IL-6) and interleukin 3 (IL-3) were obtained from Peprotech. Recombinant Human MIF (Z03159-50) was obtained from Genscript. 6-well plates and 10-cm ultralow-attachment dishes were purchased from Corning. Anti-chymase (MA5-11717) and antitryptase (MA5-11711) antibodies were purchased from Thermo Scientific Pierce Antibodies. Human IgE, anti-IgE antibody (ab75673) and anti-MIF antibody (ab7207) were bought from Abcam. Phycoerytrin (PE)-labeled anti-CD34 antibody (HPCA-2) and PE-IgG isotype control were purchased from Becton Dickinson (BD). Anti-human FcεRI-FITC and anti-human CD117-PE were purchased from eBioscience. SPI Bio histamine EIA kit was obtained from Bertin Pharma.
[3H]-proline was from Perkin-Elmer.
Cell culture
Isolation and characterization of bone marrow CD34+ hematopoietic precursors. The protocol was approved by Ethics Committee of the Skin Disease Research Institute of Chinese Academy of Medical Science and Drum Tower Hospital Ethical Committee. Written informed consent was obtained from the patients. Bone samples were obtained from the excision of the ribs from patients treated in the department of thoracic surgery in Drum Tower hospital. Bone marrow was flushed into a 50-ml tube with RPMI-1640 medium. The cells were centrifuged for 10 minutes at 500g. Re-suspend the cells with 5 ml of RPMI-1640, and add the cell suspension slowly on the top of the Percoll solution (1.0739g/ml). Centrifuge the cells for 30 minutes at 700g without brake at 4°C. Extract the white blur layer which contains the mixed cells. Wash the cells twice with cold PBS. Then re-suspend the cells in the medium (RPMI-1640 completed with 10% FBS, antibiotics, non-essential amino acids, 10μg/ml bovine insulin and 2mM L-glutamine) and culture in a humidified CO 2 (5%) incubator at 37°C for at least 3 days. The floating cells were then used in the following experiments. CD34+ hematopoietic precursors were isolated from the floating cell mixture using CD34 MicroBead Kit (Miltenyi Biotec, Bergisch Gladbach, Germany) according to the manufactory instruction. Two immunomagnetic cycles were performed to enrich the desired cells.
Differentiation of human mast cells from CD34+ hematopoietic precursors. Mast cell medium for human (for differentiation and maintaining of mast cells) was prepared by mixing IMDM with penicillin-streptomycin solution, 2mM L-glutamine, 1mM sodium pyruvate, 1% nonessential amino acid, 10% fetal bovine serum, Human IL-6 (50 ng/ml final concentration), Human SCF (100 ng/ml) and Human IL-3 (5 ng/ml). Isolated CD34+ hematopoietic precursors were cultured in the mast cell medium (change medium every 3 days) for at least 3 weeks before they were used in the following experiments.
Culture of human dermal fibroblasts. Human dermal fibroblasts, adult (HDFa) were purchased from Invitrogen and cultured in DMEM plus 2% FBS and antibiotics. Cells were placed in a humidified CO 2 incubator at 37°C.
Flow cytometry
The cells were incubated with fluorescence-labeled antibodies (appropriately choose and dilute antibodies according to different experimental purposes) at 4°C for 40 minutes in dark. Cells were washed by centrifugation (1300 rpm, 5 min) and resuspended in cold PBS containing 1% of BSA. To detect CD34 molecules, PE-labeled anti-CD34 antibody was used. As for FcεRI/ CD117 double staining, both anti-human FcεRI-FITC and anti-human CD117-PE antibodies were used. For all these experiments, appropriate isotope control antibodies were used. Stained cells were analyzed by using flow cytometry with at least 20,000 events recorded during each measurement. For quantification analysis, the positive/negative boundaries were determined by using cells stained with matched isotope control antibodies; the original data were analyzed with FlowJo software; and the same experiments were repeated for at least three times.
Toluidine blue and immunofluorescence staining
The derived mast cells were loaded on a glass slide and air-dried. Toluidine blue staining was performed as described in the previous report [32] . The immunofluorescence staining was carried out following the previous report [33] using anti-chymase (mouse) and anti-tryptase (mouse) antibodies. DAPI (1μg/ml) was used to stain cell nuclei. The slides were observed and the pictures were captured using fluorescent microscope (Leica DMI3000B).
Degranulation assay
MCs were washed with in PBS, resuspended in fresh mast cell medium, and plated in the 6-well plate (10 6 cells/well). The stimulation was initiated by the addition of IgE (100 ng/ml) for 2 h at 37°C, followed by adding anti-IgE (1μg/ml) for another 2 hr [34, 35] . Released histamine in the supernatant was collected 30 min after cell stimulation and assessed by SPI Bio histamine EIA kit [36] . Similarly, MIF in the supernatant was also measured by ELISA.
Fibroblast proliferation
Human fibroblasts were seeded in 60mm dishes (10 5 cells/dish) and allowed to adhere overnight. After that, different medium (90% of the original medium for fibroblasts plus 10% of conditioned or un-conditioned medium of mast cells) was added into each group. Mast cell conditioned medium was collected from stimulated (by adding IgE and anti-IgE antibody) or un-stimulated mast cells were used. For certain experiments, an anti-MIF antibody was added into the medium. The number of the cells in each group was counted during each time of subculture.
Collagen production by fibroblast
HDFa cells treated in the above experiments were used in collagen production assay. The only difference is that in this experiment 50 μg/ml ascorbic acid and [ 3 H]-proline (10 μCi/well) were added in the medium. The cells were cultured for 2 days, and secreted [
3 H]-proline-containing collagen in the medium was determined using the methods described in previous reports [37, 38] . Briefly, total proteins in 500 μl medium (including collagenous and noncollagenous) were precipitated on glass fiber filters and counted in a scintillant. Noncollagenous proteins (collagenase-resistant) in 500 μl medium were measured after digestion with collagenase for 2 h at 37°C. Collagenous proteins were calculated by subtracted noncollagenous proteins from the total proteins. The final results were normalized against the number of cells in each group.
q-RT-PCR
Total RNA was extracted from the cells using Trizol method. CDNA was synthesized by using iScript Advanced cDNA Synthesis Kit (Bio-Rad). PCR reactions were carried out by using SYBR Green PCR Master Mix (Life Technologies). The primers for MIF were 5'-cgcagaaccgctcctaca-3' and 5'-ttaggcgaaggtggagttg-3'. The primers for β-actin were 5'-tgacggggtcacccacactgt-3' and 5'-ttgcggtggacgatggaggg-3'. The mRNA level of MIF was normalized against that of β-actin in the same cells.
Preparation and application of lentivirus
MIF shRNA was synthesized and sub-cloned into pLKO.1 vector. The targeting sequence of the shRNA is: 5'-agcgagccgtgcgcgctctgc-3' [39] . Lentiviral particles were produced from 293T cells using ViraPower Lentiviral expression kit (Invitrogen). Lenti-virus was applied on CD34+ hematopoietic precursors for 6 hours before it was changed with fresh medium. Cells were selected with puromycin (1μg/ml) for 6 days to enrich transducted cells. After that the selected cells were cultured in puromycin-free medium for another 3 days, and then they were differentiated into mast cells.
Statistics
Experimental results are shown as the mean ± S. 
Results

Characterization of bone marrow CD34+ hematopoietic precursors
In the current study, we were endeavored to isolate CD34+ hematopoietic precursors from human bone marrow and obtain functional mast cells via an in-vitro cell culture differentiation process. As the first step, we successfully isolated CD34+ hematopoietic precursor cells from human bone marrow. As shown in Fig 1A, the purified CD34+hematopoietic cells were recognized by (PE)-labeled anti-CD34 antibody (dark peak) while most of the non-purified cells were not marked by the same antibody (transparent peak). In order to ensure the specificity of our staining, we also stained the purified cells with (PE)-labeled anti-CD34 antibody or its isotype control. As shown in Fig 1B, the purified CD34+ hematopoietic cells were only marked by anti-CD34 antibody (dark peak) while control isotype failed to bind to these cells. Qualitative analysis showed that about 94% of the purified cells were CD34 positive while only 3.4% of the un-purified cells were CD34 positive (Fig 1C) .
Characterization of mast cells derived from bone marrow CD34+ hematopoietic precursors
As the next step, we sought to differentiate CD34+ hematopoietic cells into mast cells in light of previous description of similar methodology [30] . Cytokines, such as human IL-6, SCF and IL-3, were used to stimulate the transition of CD34+ hematopoietic precursors to mast cells. The number of the mast cells gradually increased during differentiation. To test the effectiveness of differentiation cocktail used in this experiment, we chose chymase and tryptase as specific markers for functional mast cells [40] . As shown in Fig 2A and 2B , about 90% of the differentiated cells were positive for tryptase staining while only less than 2% of the non-differentiated cells were positively stained. Similar results were obtained when anti-chymase antibody was used. We observed that about 61% of the differentiated cells were marked by antichymase antibody while very few original cells exhibited positive staining. Toluidine staining stands as a classic method to identify mast cells [41] . With this method, we were able to manifest the typical morphological features of mature mast cells in our derived cells, such as enrichment of granules (Fig 2C) .
Degranulation assay of derived MCs
As the next step, we felt imperative to test whether the derivative mast cells is functional. Degranulation is a cellular process that releases antimicrobial cytotoxic molecules from secretory vesicles) or granules from inside of the cells. As for mast cells, to induce degranulation, antigens interact with IgE bound to high affinity Fc receptors (FcεRI) on cell surface. Then the mast cells release a series of inflammatory mediators including histamine, proteoglycans, serotonin, and serine proteases from its cytoplasmic granules [42] . In the current study, the expression of FcεRI in differentiated cells was examined by flow cytometry. Since CD117 (stem cell growth factor receptor or called c-kit) plays a vital role in survival, proliferation and differentiation of mast cells, we performed FcεRI/CD117 double staining experiments. As shown in Fig  3A, 3B , and 3C, only a very small portion (<2%) of the un-differentiated cells expressed both molecular markers. On the contrary, over 91% of the differentiated cells were positively stained for both FcεRI and CD117. More importantly, the results meant that the derivative mast cells express FcεRI which is required for degranulation. As a positive control, histamine was found to be secreted by the derivative mast cells (Fig 3D) given the presence of IgE and IgE antibody, which indicates that degranulation function was well preserved in these mast cells. As expected, we also found that MIF was secreted by these mast cells during degranulation (Fig 3E) .
Fibroblast proliferation and collagen synthesis assays in different culture conditions
The above results showed that the derivative mast cells from CD34+ hematopoietic cells possess the appropriate mast cell morphology as well as physiological functions. Subsequently we sought to identify whether derivative mast cells exert positively regulatory effects on fibroblast proliferation and collagen synthesis. As shown in Fig 4A and 4B , conditioned medium of stimulated mast cells (by adding IgE and anti-IgE antibody) significantly increased fibroblast proliferation and collagen synthesis while conditioned medium of un-stimulated mast cells had no such activities. These results implied that stimulators for fibroblast proliferation and collagen synthesis are produced by mast cells and need to be released through degranulation. Since we are interested in the role of MIF in fibrotic diseases, such as scleroderma, we simply added MIF antibody in the conditioned medium of stimulated mast cells. Excitingly, we found that addition of MIF antibody significantly inhibited the profibrogenic activities of conditioned medium of stimulated mast cells (Fig 4C and 4D) . These results suggested that MIF is one of the profibrogenic substances released by mast cells during degranulation. To further test our hypothesis, recombinant Human MIF was added into culture medium of HDFa in absence of any conditioned medium of mast cells. As expected, MIF supplement significantly enhances fibroblast growth and collagen synthesis (Fig 4E and 4F) . These data strongly suggested that MIF plays an important role to fibrogenic activities of mast cells.
MIF knockdown inhibits the profibrogenic activity of mast cells
To further characterize the role of MIF in context of mast cell mediated fibrogenic activities, we first overexpressed shRNA of MIF in the CD34+ hematopoietic precursors and then differentiated these cells to mast cells. As expected, the mast cells derived from MIF-knockdown CD34+ hematopoietic precursors expressed lower levels of MIF mRNA and protein (Fig 5A  and 5B ). In addition, the results (Fig 5C, 5D , and 5E) revealed that MIF knockdown did not affect the differentiation of mast cells in our experiments manifested by the cellular markers we used. And MIF knockdown did not affect the degranulation function of the mast cells (Fig 5F) . However, when the conditioned medium of stimulated MIF-knockdown mast cells was added into HDFa culture medium, it failed to increase fibroblast proliferation (Fig 5G) and collagen synthesis (Fig 5H) . These results again strengthened our previous conclusion that MIF greatly contributes to mast cell-mediated fibrogenic activities. Discussion Scleroderma, also known as "systemic sclerosis" is a chronic autoimmune disease which is manifested by hardening (sclero) of the skin (derma). In the more severe form, it also affects internal organs. As mentioned above, mast cells play a pivotal role in the development of scleroderma. In particular, accumulating evidence indicates that mast cells are required for fibrogenic activities in scleroderma pathophysiology [43] . However, currently there is relatively lack of data on underlying mechanism by which mast cells exert fibrogenic activities. In particular, the lack of mature in vitro human mast cell model by which the complicated molecular mechanism can be dissected represents a major obstacle for researchers. In physiological conditions, hematopoietic precursor cells migrated from bone marrow to peripheral tissues where they finally differentiate into mast cells with a panoply of cytokines including stem cell factor and certain interleukins [44] . Previous studies have successfully established mouse mast cell culture derived from mouse bone marrow. Genetically manipulated mouse models provide added-value to identify molecules which are essential for mast cell homeostasis. However, the significant difference between human mast cell and mouse mast cell greatly limits the value of mouse mast cell as a tool in human disease research [45] . These differences include, but are not limited to, Th2 cytokine regulated FcεRI expression [34] , responses to prostaglandins [46] and anti-allergic medications [47] . Thus adoption of novel human mast cell culture system seems to be imperative. Classically, human mast cells can be isolated from human skin, lung and peripheral blood [48] [49] [50] . However, mast cell from these resources cannot be cultured indefinitely and genetic manipulation on mature mast cells is never easy.
In the current study, we developed a mast cell differentiation protocol from CD34+ hematopoietic cells. We confirmed that the CD34+ hematopoietic cell derived mast cells are normal in both morphology and functions. In addition, we were also able to show the derivative mast cells from CD34+ hematopoietic precursors can be genetically manipulated in this culture system. This protocol provides a solid basis for further identification of novel molecules or cytokines involved in scleroderma pathophysiology.
As one of the mast cell released cytokines, macrophage migration inhibitory factor (MIF) has been considered as an essential regulator of innate immunity traditionally [51] . Emerging evidence has shown that MIF is involved in pathophysiology of scleroderma. In particular, several clinical studies have shown that MIF expression is dysregulated in serum and skin culture derived supernatant [22, 23, 25] . In addition, the role of MIF in scenario of fibrogenic activities were also described in other studies [26] [27] [28] [29] . For example, in 2006 Taylor JA et al. showed that MIF is implicated in partial bladder outlet obstruction mediated detrusor smooth muscle fibrosis [28] . In line with this notion, a recent clinical study also demonstrated that MIF is up-regulated in both lung tissue and serum of idiopathic pulmonary fibrosis patients [29] .
In the current study, we successfully characterized the role of MIF in in vitro mast cell culture system. As shown in Fig 4, MIF supplement, as well as mast cell conditioned medium, exerted strong positive regulatory effects on fibrogenic activities. Interestingly, MIF antibody largely dampened the mast cell conditioned medium stimulated fibrogenic activities, which is consistent with the observation in Fig 5 showing the inhibitory effect of MIF knockdown on mast cell mediated fibrogenic activities. Although we should admit there are much more participating cells/molecules other than MIF which exert potent regulatory effects during this process in vivo and MIF secreted by cells other than mast cells may also be important, our current in vitro cell culture model is still informative and valuable as it helps to dissect the action of a single cytokine from a fibrogenic network complex.
Taken together, in the current study, we optimized a mast cell culture system by inducing CD34+ hematopoietic cell differentiation. In addition, we showed that MIF plays an essential role in mast cell mediated fibrogenic activities. To the best of our knowledge, this is the first mechanistic report showing the significance of MIF in this context, which constitutes a novel, exciting observation by which potential MIF targeted therapy for scleroderma and other fibrogenic conditions could be developed to a further extent.
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